Abstract Objective: To investigate whether timing of intensive insulin therapy (IIT) after intensive care unit (ICU) admission influences outcome. Design and setting: Single-center prospective cohort study in the 14-bed
Introduction
The association between hyperglycemia and critical illness was originally described in a canine model of hemorrhagic shock [1] . Stress hyperglycemia, with or without underlying diabetes, is a frequent problem in the critically ill patient [2] . In recent decades hyperglycemia has been reexamined as a marker of severity of illness, and questions have been raised as to whether this is a distinct condition requiring specific treatment [3] [4] [5] [6] [7] [8] . Its association with poor outcomes is now well described in many different clinical scenarios [9] [10] [11] . In 2001 a protocol-driven intravenous insulin therapy demonstrated significant reductions in morbidity and mortality in surgical ICU patients [12] . Unanswered questions and controversy abound [13] , however, regarding intensive insulin therapy (IIT), in part fueled by recent trials such as the German sepsis trial VISEP [14] and the multicenter European trial GLUCONTROL [15] . Both studies were stopped early because of safety concerns. The follow-up Leuven medical intensive care unit (MICU) trial showed no mortality benefit in intention-to-treat analysis, although benefit was again demonstrated in the target population who required an ICU stay of 3 days or more [16] . On subgroup analysis potential harm was seen in short-term stayers. In both Leuven studies improvements in mortality occurred as a delayed event several weeks after ICU admission.
In light of the potential harm in short-term stayers, delayed clinical benefit and limitations in accurately predicting length of stay (LOS) at the time of ICU admission, some have suggested delaying IIT for hyperglycemia until 2-3 days after admission [17, 18] . Others have advocated aggressive and early therapy by incorporating this as part of an early goal-directed sepsis protocol in the emergency department [19] . Data supporting either of these approaches is lacking. We investigated whether timing of IIT after ICU admission influences outcomes [20] .
Methods

Study design
All 670 adult patients admitted to the closed MICU at Mount Sinai Medical Center, New York, N.Y., between 22 February and 21 December 2006 who were started on the nurse-driven IIT protocol (available online as Electronic Supplementary Material) were eligible for this prospective, single-center cohort study. Critically ill patients in the MICU were eligible for IIT when more than one blood glucose exceeded 110 mg/dl and the anticipated LOS in the MICU was greater than 24 h (n = 499). Patients younger than 18 years and those receiving treatment of Patients were classified into two groups based on timing of ITT initiation. Those in the "early group" were started on IIT within 48 h of ICU admission (n = 127) while those in the "late group" were started on IIT thereafter (n = 51). The cutoff point of 48 h was chosen based upon previous suggestions to conservatively delay intensive insulin therapy until 2 or 3 days after ICU admission [17, 18] .
Data collection
Baseline demographic information and clinical characteristics necessary to calculate an APACHE III score were collected for each patient. All blood glucose, caloric, and insulin doses were recorded. Oral and intravenous corticosteroid use (excluding topicals) was monitored. The hyperglycemic index (HGI) was calculated from the area under the curve for blood glucose of greater than 110 mg/dl when plotting blood glucose against time [21] . The primary outcome measure was all-cause hospital mortality. Secondary, predefined outcome measures included: 28-day ventilator-free days (VFD) as previously described [22] , all-cause ICU mortality, ICU LOS, and hospital LOS.
Statistical analysis
Univariate analyses for baseline characteristics, APACHE III, glucose levels, insulin and steroid use, and caloric intake were performed using Fisher's exact test, Student's t-test, or Wilcoxon rank sum on SAS version 9.1.3, as appropriate. Multivariate analyses with logistic regression were performed for ICU and hospital mortality, correcting for predictors of death on univariate analysis (p < 0.05) and other clinically relevant factors. The C-statistic value for the final model was 0.81. There was no significant interaction between timing of insulin and any covariate (p > 0.2).
To better account for potential confounders that related to the decision of when to start insulin therapy, propensity score analysis was used. This has been used successfully to compare different treatment options in observational studies to minimize the effects of confounding by indication [23] [24] [25] . Propensity score for early vs. late administration of insulin was calculated for all patients. Variables for inclusion into the propensity model were selected as recommended by Brookhart et al. [26] in a stepwise selection algorithm (≤ 0.2). The variables thus selected in the propensity score model included: comorbidities (such as AIDS, cancer, cirrhosis, diabetes), race, gender, age, BMI, APACHE III score, peak glucose in the first 24 h of ICU admission, HGI, hypoglycemia (blood glucose < 70 mg/dl) before initiation of insulin protocol, and steroid use in first 24 h of ICU admission.
Patients in the early and late groups were matched according to their propensity score in two ways: (a) after stratifying the propensity score into quintiles and (b) after applying an optimal matching algorithm that paired two individuals in the early group to one individual in the late group with the closest propensity score so as to minimize the difference in propensity scores between the late and early patients (http://mayoresearch.mayo.edu/ mayo/research/biostat/sasmacros.cfm, accessed 2 April 2007). After two-to-one matching the mean difference in propensity scores between the late and early patients was 0.19 ± 0.23. Variables in the propensity score were balanced for all variables except for age in quintile 4 (p < 0.001) and peak glucose in quintile 1 (p = 0.04) and quintile 3 (p = 0.02).
The crude odds ratio (OR) for ICU and hospital mortality was computed by Mantel-Haenszel estimator after stratifying by quintiles of propensity score or by matched trios (2:1 matching as above) [27] . Multivariate adjusted OR was calculated with logistic regression after including the propensity score as an indicator variable. Multivariate propensity scores were analyzed by conditional logistic regression after matching by quintiles of propensity score and after matching two early group patients to one late group patient based on their propensity score. All analyses were performed with SAS version 9.1.3.
Results
Baseline characteristics
Of the 499 patients meeting criteria for our IIT protocol, 178 patients were ultimately started on IIT during their ICU stay. 127 patients were started on IIT early, while 51 were started late. The two groups did not differ in age, gender, race, body mass index (BMI), Acute Physiology and Chronic Health Evaluation (APACHE) III, admission diagnosis, ICU steroid use, or comorbid conditions (Table 1) .
Data on hyperglycemic patients not started on IIT were analyzed for the 1-month period in December 2006 (n = 30). Compared to those started on IIT (n = 19) the former had similar hospital mortality (43% vs. 47%) but shorter ICU LOS [median 4 days, interquartile range (IQR) 2-6, vs. 8.5 days, IQR, 3-13). The difference in LOS was expected, as the IIT protocol in our MICU was targeted to hyperglycemic patients with anticipated ICU stays greater than 24 h.
In the first 24 h after admission the early group had significantly higher peak glucose (median 240 mg/dl, IQR 199-334, vs. 156 mg/dl, 133-208; p < 0.001) and HGI (45.1, IQR 24.1-78.9, vs. 23.2, 3.9-39.7; p < 0.001; Table 2 ). Caloric intake in the early group was also higher than the late group (272 kcal, IQR 112-478, vs. 45 kcal, 0-190; p < 0.001) as glucose infusion was required as part of the protocol for insulin infusion. In both groups the majority of calories (early group 77.8% vs. late group 80.7%) in the first 24 h after ICU admission were given as carbohydrates from intravenous dextrose or enteral feeding. Only three patients were started on total parenteral nutrition in the first 24 h. Although the late group had lower peak glucose values, all but two patients were hyperglycemic in the first 24 h after ICU admission. By 48 h after ICU admission all late group patients had evidence of hyperglycemia. There was no difference in the proportion of patients treated with subcutaneous insulin in the first 24 h, but by 48 h significantly more patients in the late group had been administered subcutaneous therapy rather than intravenous insulin (76.5% vs. 40.2%, p < 0.001). The late group, on the other hand, had a higher proportion of blood glucose values below 70 mg/dl before initiation of IIT (19.6% vs. 4.7%, p = 0.003) as well as a lower absolute nadir value before IIT (median 92 mg/dl, IQR 76-114, vs. 141 mg/dl, 108-194; p < 0.001).
Once started on IIT, the percentage of measurements that were within the target range of 80-110 mg/dl was the same in both groups (44%), and there was no significant difference in median glucose levels after initiation of IIT between the early group (median 114 mg/dl, IQR 94-142) and the late group (113 mg/dl, IQR 95-141; p > 0.6). Additionally, there was no difference in rates of hypoglycemia between the two groups (0.07% of all blood glucose measurements) or time to reach goal glucose of 80-110 mg/dl after initiation of IIT (12 ± 8 h vs. 16 ± 15 h, p > 0.1). Fig. 1 ). On multivariate analysis after adjusting for potential confounders such as age, gender, race, APACHE III, comorbid conditions, sepsis, lowest glucose prior to insulin therapy, peak glucose, HGI, dextrose given per day of ICU, total calories and steroid use in the first 24 h, whether IIT was given within 48 h of ICU admission was still associated with decreased hospital mortality (OR adj 0.29, 95% CI 0.11-0.77). Neither the attending critical care physician on service Fig. 1 The effect of intensive insulin therapy on ICU and hospital mortality according to timing of insulin (p > 0.7) nor the day of admission (weekend vs. weekday; p > 0.3) was associated with the timing of insulin therapy or mortality on univariate analyses. Forcing these parameters into the multivariate model did not change the significance of the association between timing of insulin therapy and mortality. After stratifying by quintiles of propensity score, the early group had a consistently lower mortality than the late group (Fig. 2) . In addition, the early administration of insulin was significantly associated with decreased mortality on crude and multivariate analysis regardless of statistical method used for matching and for analysis of propensity scores (Table 3) . Fig. 2 Hospital mortality trends according to timing of insulin and after stratification by quintiles of propensity score. The crude odds ratio and corresponding p-value for hospital mortality was computed using Mantel-Haenszel estimator after stratifying by quintiles of propensity score An a priori decision was made to define the early group as starting insulin within 48 h of ICU admission [17, 18] . We explored whether other time points may be important. After stratifying by the length of time elapsed after ICU admission before initiation of insulin, there was a significant trend toward increasing mortality with increasing delay in initiation of therapy (IIT started < 24 h 41.1%; 24-48 h 45.5%; 48-72 h 84%; > 72 h 62.5%, p = 0.001).
We further explored whether early hypoglycemic events in the late group may explain the association between timing of insulin and mortality. Reanalysis after excluding patients who had episodes of hypoglycemia (blood glucose < 70 mg/dl prior to initiation of IIT; n = 6 in early group, n = 10 in late group) and those patients who were normoglycemic in the first 24 h of ICU admission (n = 2 in late group) demonstrated an odds ratio for hospital mortality still favoring early insulin administration at 0.28 with a 95% CI of 0.095-0.79.
Discussion
In this single-center prospective cohort study the early administration of IIT within 48 h of admission was associated with lower all-cause hospital mortality (OR adj 0.29, 95% CI 0.11-0.77). Patients who received early IIT had improved outcomes in all secondary endpoints such as VFD, ICU and hospital LOS, and all-cause ICU mortality.
Over the past decade a growing body of literature has linked adverse outcomes and hyperglycemia in the critically ill patient [28, 29] . Recent large randomized trials have demonstrated a beneficial effect of IIT in terms of clinically important morbidity and mortality endpoints [12, 16] . However, many unanswered questions remain. The optimal timing of therapy and the appropriate target population are two topics that need clarification from a practical perspective. Results from the recent MICU trial have heightened concern because of a subgroup analysis which suggested a possible harmful effect of IIT on short-term stayers. While we await further studies, some have proposed a conservative approach of delaying IIT for hyperglycemia in ICU patients until 2-3 days after admission [17, 18] . Such recommendations assume that IIT is time insensitive, i.e., that IIT initiated early in the critical illness has the same effect as that started later. Our results raise questions about such assumptions.
Although our study suggests that early therapy is associated with better outcomes, the best time point for initiation of therapy is unknown. It is possible that the maximal benefit is reaped in the first ICU day or perhaps earlier, such as in the emergency department. The initial insult in patients presenting with sepsis and acute respiratory distress syndrome, for example, frequently occurs at a time point much earlier than time zero of ICU admission. In such patients maladaptive cellular pathways have often already firmly established itself, and very early insulin therapy (at time zero in the ICU, or in the emergency department) may theoretically help to improve mortality. For example, insulin, through its pleiotropic effects, has been shown to reverse the state of dyslipidemia and catabolism in critical illness and has anti-inflammatory and anti-apoptotic properties [30] . Thus there are plausible biological mechanisms to support the hypothesis that early administration of insulin would be more beneficial. Indeed, the concept of a crucial window of opportunity is not a new one in the field of critical care medicine. Goal-directed hemodynamic therapy in sepsis was recently found to be beneficial only after early implementation prior to ICU admission [31] . Some centers already implement early glycemic control with intravenous insulin for sepsis while still in the emergency department [19] . However, the benefit and risks of such an approach has not been demonstrated.
The limitations of this study should be noted. Although baseline characteristics such as admission diagnosis, age, and severity of illness were comparable, the late group had lower glucose values than the early group. It is important to note that all late group patients were hyperglycemic and experienced persistently elevated glucose levels within 48 h of ICU admission requiring increasing use of subcutaneous insulin. Furthermore, reanalysis after excluding normoglycemic and hypoglycemic patients in the first 24 h after admission still favored early insulin administration with an OR for hospital mortality at 0.28 (95% CI 0.095-0.79). Thus the relative contribution of hypoglycemia to poor outcomes appeared limited.
Another limitation is that this is an uncontrolled singlecenter study with a small sample size. The decision to initiate IIT was left to the discretion of the treating ICU team. Complete data on hyperglycemic patients who were not treated with IIT during the study period are not available to allow multivariate analyses between hyperglycemic patients started on IIT and those who were not. However, such analyses would be less informative than the randomized control trials that have been previously completed or that is ongoing [12, [14] [15] [16] . Nevertheless, limited available data on 30 consecutive nonintensively treated hyperglycemic patients in this series revealed that hospital mortality was similar (43% vs. 47%, p > 0.9) to that in hyperglycemic patients on IIT.
Lastly, a large effect size was observed. It is possible that the treatment effect was exaggerated in the early group because the severity of hyperglycemia was greater. However, differences in severity of hyperglycemia only occurred early, as glucose control after initiation of IIT was identical, supporting the hypothesis that timing of insulin contributed to the difference in outcomes. We are reassured to see that (a) the admission APACHE score was similar in both groups and that (b) neither the time of admission (weekday vs. weekend, p > 0.3) nor (c) attending critical care physician on service influenced the timing of therapy (p > 0.7). In our closed MICU with a core group of critical care physicians and established practice protocols on a variety of procedures such as ICU prophylaxis, use of activated protein C, corticosteroid use for adrenal insufficiency, and sedation management the wide variability in processes of care that may affect mortality is minimized.
To account for other subtle patient characteristics which may have swayed clinician decision against IIT we adjusted for potential confounding by employing both multivariate and propensity score analyses. Propensity score analysis has been used successfully to compare different treatment options in a nonrandomized design [23] . The strength and direction of association favoring early IIT was consistent after propensity score modeling regardless of method used for analysis (OR 0.16-0.31). Finally, as shown in Fig. 2 , at every quintile of propensity score the early group had lower hospital mortality than the late group. Despite the consistency of these results, we cannot exclude the possibility that there remains unmeasured confounding that influenced the late administration of insulin and prognosis. The results should be considered hypothesis generating, in need of further confirmatory studies. Assuming a baseline hospital mortality of 42%, a conservative effect size of 4% (as in the Leuven study [12] ), an α value of 0.05 and 80% power, such a trial would require 2,354 patients per group.
Conclusions
In this study the early administration of IIT within 48 h of admission was associated with better outcomes. Despite the limitations of an uncontrolled design the findings from this study raises questions about the assumption that delayed administration of IIT has the same benefit as early initiation of insulin. A randomized study is needed to determine the optimal timing for IIT.
